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Preparation of hi* uniformity polyerystalllne ceramics by presiding, hot .sostatlc pressing and 
sintering the resulting ceramic- 

@ Polycrystalline ceramic bodies having uniform transparent optical characteristics f^f^^eSu''"? 
a orsen compact, petering that compact at a temperature in the range from about 1,350 C to about 1 650 C 
u Ito dZd porosity stage Is reached, hot isostatlc pressing the presided compact to collapse subston- 
S ail X Spo-d - «m- boundaries and wintering the hot locally .^f^* 
temperature in the range from 1.7Q0-C-1.9SO'C to cause grain growth under Mnd,to ^ ,n ^ f P ^*'" 
iZ Sns which are consumed by the growth of other grains. collapse as the grain boundary of the growMg 
grain passes through the location of the pore In the smaller grain being consumed. 
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PREPARATION OF HIGH UNIFORMITY POLYCRYSTALUNE CERAMICS BY PRESINTERING, HOT 
ISOSTAT1C PRESSING AND SINTERING AND THE RESULTING CERAMIC 

Background of the Invention 



Field of the Invention 

The present invention relates to the field of preparation of uniform ceramics, and more particularly, to 
the preparation of low residual porosUy. 

Background Infonnation 

7S Polycrystalline ceramics today are being considered for an increasing variety of applications. Many 
sophisticated applications require ceramics having very uniform composition and properties throughout the 
ceramic body. One characteristic which is normally non-uniform in ceramics is the porosity or the spatial 
distribution of pores. In this sense, for high density ceramics (> 98% of theoretical maximum densrty) 
porosity refers to the presence of closed pores or voids within the ceramic and not to the presence of a 

20 connected pattern of open pores as is present in a "porous" body. This distinction is well understood in the 
ceramics art. The non-uniform porosity which is preseni in polycrystalline ceramics generally involves the 
presence of pore clusters In which a large number of pores are disposed within a small volume of the 
cerarnic whfcn is surrounded by material having a substantially smaller number density of pores. 

These pore clusters render the ceramic non-uniform in mechanical properties and in the case of 

2$ potentially transparent ceramics, also renders them optically non-unlform. 

US Patent 4518,546 entitled "Preparation of Yttria-Gadolinla Ceramic Scintillators by Sintering and 
Gas Hot Isostatic Pressing" by CD. Greskovich et al. discloses a method for preparing substantially 
transparent yttrla-gadolinia (Yz0 a /Gd 2 0 a ) ceramic scintillators which include other oxides such as europium 
oxide (EuzOa). neodymium oxide (Nd*0 3 ), ytterbium oxide (YbaOa), dysprosium oxide (Dy 2 0 3 ). 

90 praseodymium oxide (Pr 2 O a ) and terbium oxide (Tb a 0 3 ) as activators for scintillation. This patent is 
incorporated herein by reference. These ceramic scintillators are optically quite uniform on a macroscopic 
scale The optical uniformity of these bodies also indicates that their mechanical properties are also 
substantially uniform on a macroscopic scale. While these bodies are optically quite uniform, they still have 
• substantial non-uniformities on a microscopic scale as will be discussed subsequently. 

as In the process of U.S. Patent 4.518,548, a compact of the desired source oxides is cold pressed at 
pressures of 3,000 psi to 15,000 psi or higher in order to provide a green compact having a relatively high 
density. This compact Is then heated In a vacuum or a reducing atmosphere such as wet hydrogen (dew 
point about 23 "C), for example, to a sintering temperature between 1,800 C and 2.100 C. The smtenng 
temperature is maintained for about 1 hour to about 30 hours to cause extensive densification and produce 

40 optical transparency. 

The resulting ceramic body is transparent with an In-line optical attenuation coefficient of up to 50 cm 
at the main emitting wavelength for the scintillator composition. Unfortunately, while the resulting ceramic 
body is transparent, its optical characteristics are not uniform and it suffers from the presence of clusters of 
pores In which the clusters are 50 to 300 or 4O0 microns across or in "diameter", Tnsse clusters of pores, 
45 which we refer to as "snowballs", are highly dispersive of Incident lighted result in a non-uniform optical 
^ cHaracterlstlcs foFthe ceramic borJyas a whole. These snowballsare much more visible in transmitted light 
than in reflected light While there are many applications in which the presence of these snowballs does not 

interfere with the usefulness of the ceramic body, there are other applications in which the presence of 
snowballs is highly detrimental. One such application is the ceramic scintillator art where the presence of 
so snowballs interferes with uniform extraction of luminescent light generated by incident x-rays or other 
source energy. Non-uniform collection of the luminescent light adversely affects the resulting image quality 
of computed tomography body scanners in which these ceramic scintillators are employed for the med IC al 
industry. Consequently, th se ceramic bodies, when sliced to provide smaller ceramic bodies which are 
used as scintillators, produce some smaller bodies having acc ptable characteristics and ther smaller 
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bodies in which snowballs causa raj dim as not meeting specifications. Every ceramc plate .which we 
SfmL^Sg nirSy techniques disclosed In U.S. Patent 4.518.548 has had a number ofporo 
cSIS in evei cubic rnillimeter of its volume. The number of p re dusters per 1 mm ranges from at 
tSi to a Z?e n^mL The degree to which the pore clusters interfere with light transm.ss.on vanes wrth 

* the number size and position of the pore clusters In the polycrystalline ceramic. 

Z^'iZrpores of which a duster of pores or snowball is formed « 
vold^n grains of the polycrystalline ceramic structure. It Is well known .n the ceram.es art thatonce a 
X iSd within the bulk of a grain of the ceramic, that pore is pmrnm* trapped h, ithat M. 
ShDe It is theoretically possible for drffusion to transport material through the bulk of the ^ cryste I gran to AH 

„ Tvoi and thereby Elapse the pore, it is well known in the ceramics artthat as a ^ca. matte .^ucn 
Lsoort is not effective for collapsing enough pores to remove a pore cluster. There .s no known smtenng 
p3s mat ^ produce a highly transparent polycrystalline ceramic body having an optcai aaenuefcon 
coefficients in the visible region below about 1 0 cm"' and which is free of pore clusters. 

item le p eparatfon technique Invdves sintering the compact at . tamperature between^ about 

h 1 SOO'C SI 700- C for between 1 and 10 hours and at least until a closed pore stage is reached. 
SeaL the Sered compact is hot isostatic pressed with an Inert gas. such as argor .gas ta ^xamp tat 
Ji bii uooo psl and 30.000 psi at temperatures between about 1.500 C and 1.800 C ror 
JiJ^rtSS 2 hours. These plates are translucent due to a high density of fine (m.cron to sub- 
n£Z £™ Z have an inline transmission of about 2% in the visible reg.on for a 1 mm thick 

M ""ISS plates also suffer from discoloration and composition changes at the surfaces of the ceramic 
tody as ar oMhe processing steps. The color changes can. to some extent. 
hSer orocessino as Is explained in U.S. Patent 4.518.546 by annealing the ceramrc body hi air at aboirt 
KfSci beleen 1 and 20 hours. However, the compositional non-unrform.^ are not 

. annealing. Such uncorrected compositional nonH.nHorm.tJes can be a serious flaw which 

resTStTTn nonSfol lumLscence. A number of variations on these process are d.scussed in flw 
results in non unrami lum,.,*™ __„,„. . tha - Brarn i C sample does not suffer from dlscolor- 

aboveHdentlfled patent A processing method in whicn tne ceramic wnp 
atlon or compositional changes during the process is desirable. . 

There te a need for ceramics having unHomi properties, such as transparent polycryatall.ne ceram cs 

M use interns which require uniform, high optica. q<^P^n^ 

Sarnie materials There is also a need for a method of reliably producing such ceramic bod.es. 



Objects of the Invention 
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Accordingly a primary object of the present invention is to provide a method of P«duc.^lyayaJ- 
,ine ^SSLSm optica attenuation coefficient for inline spectra, transmittance below about 20 cm 
in the «islble wavelength region and which are free of visible pore clusters. 

A tartar object of the present Invention Is to provide a transparent polycrystalhne ceram c materia 
having X^^J^^X below 10 cm- which is free of pore clusters wh.ch are larger than 

25-50 microns across or In "diameter* 1 . a 
fZZ object of the present invention is to provide a method of collapsing poree wh.ch are s.tuated 

within a grain of a polycrystalline ceramic material 



Summary of the Invention 



The above and other objects of theJnventionJMhich will become apparent from the sp^ficatjon^a 
whote ret^p s?^ in accordance w7th the ^sent Invention by Peering a green 

M , . . „ rt j a . rnnrii+innq wh eh oroduce a fine gram structure, not isosianc 

CSes and^re-sinterlng the hot isostatically pressed body at a high enough temperature that g am 
^TZL plunder conditions in which grain boundaries migrate through existmg grams at a slow 
ZS. tTfi vo ^es di poSd inside grains through which the grain boundary migrates dunng grajn 
"1 clZ ^ Up*" during the process of incorporating the ^^SSl!ZZ 
the crystal structure of the growing grain to thereby provide a cerarmc body havmg a substantially reduced 



3 



06/09/03 18:59 FAX 216 241 1666 FAY SHARPE ©027/039 



70 



§ 



EP 0 419 847 A1 

pore density as compared to the same body at the end of th hot isostatic pressing step. 

Brief Description of the Drawings 

The subject matter which Is regarded as the invention is particularly pointed out and distinctly claimed 
in the concluding portion of the specification. The invention, however, both as to organization and method of 
prS cTtogetner with further objects and advantages thereof, may best be understood by reference to the 
following description taken In connection with the accompanying drawings in which: 
figures 1-5 are photomicrographs of ceramic structures. 



T5 



Detailed Description 



In accordance with the present Invention, a green ceramic compact may be prepared in the manner 
taught in U.S. Patent 4.518.546, or by wet slip casting or filter casting or by other techniques as may be 
considered desirable. Wet casting of the green compact appears to be a viable process for forming the 
20 compact for preslntering and has the typical advantage of producing a more dense compact than is 
produced from the pressing of dry powders. In accordance with the present invention these i§reen ceramic 
compacts are presintered at a temperature in the range from about 1,350 C to about 1,600 C in erther a 
dry hydrogen atmosphere (dew point about -50 C) or a wet hydrogen atmosphere {dew point abou 
+ 23" C) for a period of about one-half to 10 hours. The resulting presintered bodies are opaque as a result 

w of their high pore density, but are at a closed pore stage. 

These closed pore samples were then loaded in a molybdenum crucible and embedded in high pu Ity 
oowdere of any one of Y 2 0 3 . 0d 2 O 3 or the same composition as the ceramic body Itself. These samples 
were packed in high purity powder to protect them from the ambient environment in the gas hot isostatic 
press (furnace) because thai furnace is not a dedicated lumace and what impurrt.es might be presentin the 

a, fcrnace was unknown. That loaded crucible was placed in a gas hot isostatic press and heated at rates of 
acout 10-S0-C per minute up to temperatures between 1,350 C and 1,700 C for one-half to 2 hours in 
argon gas at pressures between 5,000 and 25,000 psi. Higher or lower pressures may be used. A preferred 
temperature -range for this hot isostatic pressing step is between 1,400 C and 1.550 C. However both 
higher and lower temperatures are effective, fallowing the hot isostatic pressing, the resulting plates had a 

ss normal, uniform color and microstructure. We refer to these plates as SHIP plates for S mtered. H ot I 
sostatically P ressed plates. At the end of the hot Isostatic pressing step, the ceramic plates have a very 
small grain lize In the range from 2-4 microns because of the low sintering temperature used in the 
presintering step. The resulting plates, when polished, are only translucent or marginally transparent and 
contain a moderately high density of submlcron pores. .,„„„ ^m***, 

40 These polished SHIP plates were only marginally transparent with optical attenuation ««"°"<l" 
tvoicallv greater than 20 cm"i in the visible region of the electromagnetic spectrum. This optical attenuation 
coefficient was measured by using a pencil beam of light focused on a photodetector and measunng the 
light incident on that photodetector by the electronic output from the photodetector and then inserting a 
polish plate sample in the beam path from the light source to the photodetector and measunng the change 

4s in light incident on the light detector. In this geometry, the polished plate Is orlerrted perpend>cular to the 
light beam with its shortest dimension parallel to the beam. The resulting measured light interts.ty Is loss 
than that in the absence of the sample through a number of separate contributions from the sample. First 
incident tight striking the sample is partially reflected. Second, light which is absorbed within the sample 
does not reach the photodetector. Third, light which is scattered within the sample does not reach the 

so photodetector and fourth, light which reaches the exit face of the sample is partially reflected. 

The poor optical quality of these SHIP plates was caused by the presence of a high number density of 
0 3-0 8 micron-sized pores that cause substantial light scattering and thus loss from the beam. 

Microstructural analysis revealed that these pores ware permanent fixtures in the ceramic structure, 
since they were within the bulk of individual grains of the noncrystalline material, and as has been 

ss discussed above, it is well known in the ceramics art that once a pore is enclosed wrth.n a grain. it .s 
essentially a permanent or residual fixture of the ceramic body. However, we have found that the number 
density of these fine pores can be markedly reduced by reentering the sample to Induce grain growth. This 
is preferably done at t mperatures higher than the temperatures used during the presintering and the not 
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are the onlv ones which cannot be eliminated during this res.ntenng step. Thus, II pores wn eueniy 
grain volume at the end of the reentering stop, a ratio of 
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or about 



10 200/ 



fte oSn sfee In the final reentered plate because larger grain sizes can result m chippng of the surfeo* of 
T^^£»*» **b of the main p.**, Consequent*, the IW gram s,* deared depends on 

^::ztz;^^^^ «»* during * P o r P re S * rt h «. 
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pore clusters, is substantially more dense than the same body at th end of th hot "^P^"** 
aThas a to^l pore volume which Is substantially less than the pore volume at the end of the hot sestet* 
Z > All of these considerations lead us to conclude that the majority of pores actually collapse as 
E££* the growing grain migrates past them rather than the number density of P£-*™""B 
. primarily because of small pores coalescing to form larger pores. At the end of this res.ntenng step, the 
gin J» IsTthe 10-200 micron range, the pore sizes range from about 0.5 to about 1.5 rmcrons and any 

clusters of pores are smaller than 10 microns. 

We have found that in fine grain (less than 5-10 micron grain size) ceramics -n which there are few 
pores on grain boundaries, a substantial number of pores entrapped in grains can be etimmated by_ causing 
to grain growth. The resulting reduction in the number density of pores ,s believed to be a resuft of ^ two 
Recesses. The first one being pore elimination or collapse due to material transport ^along *e gram 
boundary of the growing grain and the other being coalescence of two or more pores to form a s.ng|e larger 

P ° r8 |i Is our belief that in the norma) sinterlng-only process at high temperature, the density of the green 
rs compact is low enough and the grain boundaries move fast enough, that there is not enough tome to 
transport enough material to fill-in all the voids in the compact before the grain boundary has passed by a 
given void, thereby enclosing it in a grain as a permanent pore. In contrast, dur.ng our reslntanng step the 
density of the ceramic Is much higher, the pores are of small size and relatively widely spaced fro^each 
other with the result that the smell amount of material transport which is necessary to collapse one of these 
20 small pores easily takes place along the grain boundary even though that boundary may be propagating* 
moving at substantially the same rate at which grain boundaries move in the sintenng only ^s^The 
result Is a final sintered body in Which the number density of pores and pore dusters are very low with the 
result that there is no significant pore Interference with light transmission. 
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Example 1 

A particular composition which was used to form a number of ceramic plates in ^^^J* 
present Invention consisted of approximately 8 grams of powder of a composrtion whteh was 67 mote 
Leant Y i0a , 30 mole percent Qd 2 0 3 . 3 mole percent Eu,O a and 150 ppm Pr 3 O a . Tt-.s powder 
^tion was cold pressed in a rectangular die a, about 7.000 psi The sampk* ^o*fc* 
pressed at 50.000 psi using wet bag isostatjc pressing in which the sample ,s enclosed in a bag and hquid 
pressure is applied to provide the pressing pressure. The resulting samples had a green density of about 
55% of the theoretical maximum density for the material. 

A series of samples from two batches of the same composition were presintered for 4 hours in dry 
hydrogen and 1 hour in wet hydrogen at 1,625* C. The relative densities following this preslntenng step 
ranged from about 97% to about 99% of the theoretical maximum density and the dosed porosrty stege 
was reached. Figure 1 is photomicrograph of a section of such a plate. That section was polished and then 
chemically etched to reveal the grain structure, including pore locations. This photomicrograph was taken (n 
reflected light The black spots are pores. The large pores are almost exclusively present at grain 
boundaries. There are also a number of smaller pores within grains which generally appear dark gray rather 

The samples were then hot Isostatically pressed for 1 hour at 1,6S0'C in 25,000 psi of argon gas. 
Figure 2 is a photomicrograph of a section of a plate after the hot isostatic pressing step. The section was 
prepared and photographed in the same manner as the Figure 1 sample. The scale on Figures 1 and 2 js 
me same It will be noted that the number density of pores Is much less In Figure 2 than in Figure 1 , most 
of the pores are situated inside grains and very few pores are situated on grain boundaries. 

The samples were then reentered. Figure 3 is photomicrograph of a section of the plate after the 
wintering step. This sample was prepared and photographed in the same manner as the Figure I and 
Figure-2 samples, however, with a different magnification. Jhe difference in scale In Figure 3.as compared 
to Figures 1 and 2 should be noted as should the much larger grain size and the almost total absence of 

^The Figure 3 sample Is transparent, having an inline transmission of about 70% in the visible portion of 
the spectrum whereas the Figure 1 and Figure 2 samples are translucent with inline transmissions typically 
about2% in the visible region. Because of the high transparency of the Figure 3 sample, surface artifacts 
such as stains from chemical etching, are more prominent in Figure 3 than in Figures 1 and 2. Ttoduato 
f dark spots near the lower edge of the Figure 3 photo to the left of center are such .artifacts rather than 
pores and some oth r pronounced stains are evident at about 11:00 from that set of artifacts and a third of 
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«. way up the figure. Thus, the Figure 3 sample is of van higher qualrty than * would HW appear to be 
to those not skilled in tha art of mic ^^ r ^^P™' „ , orth in a^pie 1 . war polished and 



from -300 to 800 nm. 



Example 1A 

„ ^n7a7 erag e measured spectral transmittals for 1 mm thick, polished plate* from h. .dm*** 
batcles of a mill of idanfiL. composition on which the ^ l -P was performed at 1.B50 C for 2 
hours in wet hydrogen was 60.S *3% at tha incident wavelength of BD0 nm. 

is Example 1 B 

A second set of these samples in wh.ch the rearing was done at a ^oeratun . of 1 &SC ; In wat 
hydrogen for 1 hour, had an averse — 

the theoretical maximum transmrttance of 81.1%. Fu * e '- ™ r °' m |jd stata x . ray dat6Ctors 

" ' . e „ ___„i fl The cnrrasoondlng optical attenuation coefficients tor me samples 
the entry and exit faces of the sample. Tne c f p 2 93 cm"' and 0.26 cm" 1 , 

28 with 60.5% and 79% spectral transmittance ^J^^^^Z^ZZ lypiortly i" the range 

rtr^r: 1 :: xss 2££ srsiv^ ^ reduced 

rtZ^ JSZZ — than 10 micron, me average grain si 2 e was ty,ca..y » microns 
for 1.850* C reentering and 12S microns for 1 J2S C ^jntenng. 
30 , *" 4 "/ ^nTstatett 9 : %SSV^ S£S£^2& * this photograph 

dusters are J^S^ « 
SH^e thTsame. A comparison of Figures 4 and S provides a striking demonstrate of the increase m 

desired, other materials may be incorporated In the ".Wim. ^ a ^ olinta maierlal this process is also 
, While the specific example* above are w * r ^^^ |n ^t^ is of limited to the 

46 effective with other materials and is of general applicability in the ceram.c an ana 

particular materials in question. 



Example 2 

. SO - 



55 



This process was used to prepare transom ahimina ^T^Z^S^ 
Bfl.99% purity and containing 0.1 wt% magnesia as a smtanng ^J^^^^^^^LL „ 
tubular impact which was about 50% of JSJJ * ^C^elintared « 

, jw; c for 1 hour, hot « J^^t^l^^^ density of 3.9S6 g/cm'. 

.rmf.rofr^^^ 
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tha density Increased to at I ast 99.9% of theoretical maximum. After th resintenng step, the grain s.ze 
Jad SsidTiTm crons and the densiry had also incased. This sample contained a number o pore 

Swas less than 12 microns in diameter. Th se small pore clusters should be 
SnSed bv modS n of the compact preparation and presinterlng steps to reduce th entrapment of 
□OS TgS during the petering step. Typical prior art slntered^ly ^samples w , wrncb *. 

LmLrt Z prepared in the same way and then sintered at 1.850 C tar 2 hours also have a final 
E TmtrX S of theoretJca. limit. However, these prior art samples typically have a substantial 
density of pore clusters which are between SO and 75 microns in diameter. 

A?eom D a%d to high optical quality prior art alumina samples which have optcal attenuation coefh- 
clent raS^om lout 20 cm- down to a minimum of about 15 cm- in *■ poiton rfta *«. 
SB- samples in accordance with the present invention have substantlaily 
SS, a lower optical attenuation coefficient and a substantially reduced number densrty 
Se SHIPS samples have optical attenuation coefficients of less than 15 cm-. This establishes that the 
ShTps SssTproles the uniformity of the microstore in anisotropic crystal strucWre ceram.cs and ,n 
•S^Xture ceramics, since aiuminum oxide belongs to a hexagonal crystal system whereas 
the yttrium oxide/gadolinium oxide material belongs to a cubic symmetry crystal system 

Thus Ms prcleas is of general applicability to ceramic preparation, whether of cptcal matenals or not 
and We -dem of the cJL structure of the materia,. As a consequence of these ««£ 
method of presinterlng the ceramic material at a low temperature In a manner wh.ch resu to .n a fine gran 
Si and did porosity followed by hot Isostatic pressing to collapse substantially all the pores which 
a^Seo- on grain boundaries followed by resintenng to cause grain growth subtly el.m.nates pores 
mCylfntaZ within the body of small grains which are consumed by the J^-hjiJ* 

This entire SHIPS process can be done as a single continuous process, provided appropriate apparaws 
is used Tat is. the presintering can be done in a hot Isostatic press at atmosphenc pressure untrt *e 
Ised pore stage has been reached. Then the hydrogen atmosphere is replaced by argon gas and the 
I^SZSS* the desired hot Isostatic pressing pressure to collapse the pores on grain bounds 
« »e Z THe hot isostatic pressing period, the temperature can be increased to the rcantenng 
LperaS, after reducing or releasing the pressure. Continued >*™«£^JS*: 
resintering may aid in collapsing pores by providing an external pressure wh.ch aids in pore shnnkage v,a 

^31^^ -*» h bV 0) ^mating the coding periods after 

the and hot isostetic pressing steps and (2) eiiminating the heating steps In 

Z MOc P Llng step and the resintering step. This single continuous process also P^*™** 
energy savings by avoiding the need to heat the ceramic from room temperature pnor to hot .somatic 
pSglnd prioVto resintering. Thus, substantial savings In time and energy use and thus recurnng costs. 

are obtained thrtmgh use of this process. .^ 0+ . alu . 

The predion of uniform properties is Important In a number of areas. Rrst a body wh.ch 
uniform, has uniform mechanical, optical, magnetic, etc. properties. Second, this statical unrformrly also 
S Production repeatability in a commercial scale of preparation such that the resutong matenal « 
clmeLSrProdUcible rather man merely a laboratory curiosity which cannot be applied to commerce! 

products because of an inability to produce it in large quantities. ^ Al „ ar ^ 

While the invention has been described In detail herein In accord with certain preferred emrwd.ments 
thereol many modifications and changes therein may be effected by those stalled In the 
is intended by the appended claims to cover all such modifications and changes as fall wrihn the true sprit 



as and scope of the invention 



Claims 



50 1 . A method of producing a ceramic body comprising:, ^ •• _ - - - - " " 
providing a green compact of appropriate configuration and composition; 

^sintering said compact at a temperature sufficient to promote grain growth to a substantially closed pore 

toM»8Wfc pressing said preslntered compact at a temperature and pressure sufficient to eliminate most 
55 pores which are located at grain boundaries; and 
resintering said body to induce grain growth. 

2. The method recited in claim 1 wherein: .... , ^ ° 

said resintering step is carried out at a higher temperature than said hot isosxatc pressing step. 
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i 5 The method recited in claim 4 wherein: „~ mnB 
art^L* Wintering step, said body has en average grain sue of less than SO m wns. 
rillSSSnQ a'high density ceramic with low residua. pom* comprise 

S^T-^cSS: «** -» *° ■»* roaches ,he *~ pore under cond * ons in 

° ^stl Sl^iSSU ^ a period o, «me and at e temperate sufficient . eiiminate 
subtly all P™*£-d - ^^CaTaTemperature at which grain growth takes piace under 
TdSs 9 fc^JSSEStS^SL^ - «5» «o perm., pore disappearance - 

is all pores past which a grain boundary migrates. s , mch ,re 
7 5» method recited In claim 6 wherein said ceram to has a cub * <^jTf u,e - 
a. The method recited in claim 7 wherein said ceramic comprises ^ 

9. The method recited in claim 8 wherein said ceramic composes gadobmum o»de. 

1 0. The method recited in claim 8 wherein: . fi , . . x jsoo -q. 

■ s^^r^ss^r^t^ - - — . 

Sdresinterlng step Is carried out at a temperature in excess of 1 m' C 

11. The method recited in claim 6 wherein: . . 
« said preparing step is performed at a temperature In the range from 1 .600 C to 1 .650 C. 

%zr^ e ^t;:x™* . . - - — c - i ' 5so " c 

r;ZSTS wherein said resinterlng step is performed at a temperature between 
30 about 1.700" C and 1,950 C. rtr ^ Q in* ft rinn steo Is carried out at a temperature of 

rasa's; ^-^-Sr3=fs-'cr/^& *» 

said hot tastfe pressing is carried out at a temperature of about 1.650 C at a pressure 

psi or more; and 1 8S0" C For a period of about 2 hours. 

3 s said reentering step Is carried out at a temperature of at least i ,Bbu o for a p 

15. The method recited in claim 14 wherein'- *, MR 'r 
said reentering step is carried out at a temperature of about 1 .925 C. 

16. The method recited In claim 6 wherein: 
said ceramic has a hexagonal crystal structure. 

40 17. The method recited in claim 18 wherein: 
said ceramic comprises aluminum oxide. 
18. A polycry6talline ceramic body: 
having a volume of at least 1 mm 3 ; 

having an optical attenuation coefficient of less than 10 cm : and 
«s being free of pore clusters larger than 1 0 microns across. 

19 The ceramic body redted in claim 18 wherein: 

said body consists of material having a cubic crystal structure. 

20. The ceramic body recited in claim 19 wherein: 

said body comprises yttrium oxide, 
so _ 21. The ceramic body recited in claim 20 wherein: 

said body comprises gadolinium oxide. 

22. The ceramic body recited in claim 18 wherein: 

z^zszis^fiz* « —*«■ « «*- " tion co8fficient which is 

$s throughout said body to within 1 0%. 

24. The ceramic body recited in claim 18 wherein: ^ 
said optical attenuation coefficient is less than 3 cm -1 . 
25- The ceramic body recited in claim 18 wherein: 
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said ceramic is substantially 67 mole percent YA, 30 mole percent Gd 2 0 3l 3 mole percent Eu.Os and 



150 ppm Pr^Oa. 

26. The ceramic body recit d in claim 25 wherein: 



said body has less than one pore cluster per cm 3 . llllllBr _ 
27. The ceramic body recited In claim 18 exhibiting an optical attBnuat.cn coefftcent which .s uniform 

throughout said body to within 1%> 

^iX^r^rccemdent «** h «*- throughout said body * within 3% and las, 



than 10 cm -1 . 
to 29. The ceramic body recited in claim 2B having: 
an average grain size of less than 10 microns, 

30. The ceramic body recited in claim 28 having: 

an average grain size between 10 microns and 200 microns. 

31. The ceramic body recited in claim 30 having: 
75 an average grain size of less than 50 microns. 

32. A polycrystalline ceramic body: 
having a non-cubic crystal structure; 
having a volume of at least 1 mm 3 ; 

having an optical attenuation coefficient of less than 15 cm" 1 ; and 
zo being free of pore clusters larger than 12 microns across. 

33. The ceramic body recited in claim 32 wherein said body comprises elumtna. 
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